Abstract. Loss of peritubular capillaries is a notable feature of progressive renal interstitial fibrosis. Astaxanthin (ASX) is a natural carotenoid with various biological activities. The present study aimed to evaluate the effect of ASX on unilateral ureteral obstruction (UUO)-induced renal fibrosis in mice. For that purpose, mice were randomly divided into five treatment groups: Sham, ASX 100 mg/kg, UUO, UUO + ASX 50 mg/kg and UUO + ASX 100 mg/kg. ASX was administered to the mice for 7 or 14 days following UUO. The results demonstrated that UUO-induced histopathological changes in the kidney tissue were prevented by ASX. Renal function was improved by ASX treatment, as evidenced by decreased blood urea nitrogen and serum creatinine levels. Furthermore, the extent of renal fibrosis and collagen deposition induced by UUO was suppressed by ASX. The levels of collagen I, fibronectin and α-smooth muscle actin were increased by UUO in mice or by transforming growth factor (TGF)-β1 treatment in NRK-52E cells, and were reduced by ASX administration. In addition, ASX inhibited the UUO-induced decrease in peritubular capillary density by upregulating vascular endothelial growth factor and downregulating thrombospondin 1 levels. Inactivation of the TGF-β1/Smad signaling pathway was involved in the anti-fibrotic mechanism of ASX in UUO mice and TGF-β1-treated NRK-52E cells. In conclusion, ASX attenuated renal interstitial fibrosis and peritubular capillary rarefaction via inactivation of the TGF-β1/Smad signaling pathway.
Introduction
Renal interstitial fibrosis is one of the main pathological features of chronic kidney disease (1) . As the disease progresses, patients may suffer glomerular or tubulointerstitial lesions, which may result in end-stage renal failure and even mortality (2) . At present, there are limited treatments available for alleviating renal fibrosis. Therefore, the identification of more effective methods for preventing or decelerating the progression of renal fibrosis is urgently required.
Loss of peritubular capillaries has been regarded as the distinguishing feature of progressive interstitial fibrosis (3) (4) (5) . Increasing evidence has demonstrated that renal fibrosis is associated with peritubular capillary loss in experimental animals and clinical patients (6, 7) . It has been demonstrated that renal injury may block peritubular capillaries and then cause hypoxic injury, which stimulates interstitial fibrosis (8) (9) (10) . In addition, the loss of capillaries has also been confirmed to induce fibrosis under certain conditions, such as glomerulonephritis and unilateral ureteral obstruction (UUO) (11, 12) . Thus, replacing damaged capillary vessels is an important approach to mitigating interstitial fibrosis, and angiogenesis serves a crucial role in this process (12) (13) (14) . Vascular endothelial growth factor (VEGF) is important in promoting the formation of tubule-like structures by endothelial cells and is an essential mediator of angiogenesis (15) . A previous study demonstrated that thrombospondin 1 (TSP-1), an anti-angiogenic molecule, could further worsen progressive renal disease (16) . Downregulated VEGF expression and increased TSP-1 expression are closely associated with renal interstitial fibrosis (4) . In addition, TSP-1 has been confirmed to induce the activation of transforming growth factor (TGF)-β1, which is a key cytokine in the induction of renal interstitial fibrosis (17) .
Astaxanthin (ASX) is a natural carotenoid and a major source of red pigments in marine animals. Growing evidence suggests that ASX has various biological activities, including antioxidant, anti-inflammatory, ultraviolet ray-resistance, anti-tumor and immune regulatory effects (18) (19) (20) (21) . A previous study revealed that ASX could prevent capillary regression in atrophied soleus muscles by upregulating VEGF and downregulating TSP-1 (22) . However, whether ASX has a protective effect against renal interstitial fibrosis via regulation of VEGF and TSP-1 remains unclear.
In the present study, a renal interstitial fibrosis model was established by UUO in mice. The effects of ASX on UUO-induced renal interstitial fibrosis and its potential mechanisms were investigated.
Astaxanthin ameliorates renal interstitial fibrosis and peritubular capillary rarefaction in unilateral ureteral obstruction Materials and methods
Animals and experimental protocol. Adult male C57BL/6J mice (n=30; 6-8 weeks) weighing 20-22 g were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and maintained at 21-23˚C with 45-55% humidity in a 12 h light/dark cycle, with ad libitum access to food and water. Mice were randomly divided into five groups (n=6/group): Sham, ASX 100 mg/kg, UUO, UUO + ASX 50 mg/kg and UUO + ASX 100 mg/kg. The doses of ASX were selected according to previous studies (23, 24) . Renal interstitial fibrosis was induced by UUO, as previously described (25) . Briefly, the mice were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg). The right ureter was exposed and ligated. The mice in the sham group were subjected to the same operation, but without ureter ligation. Following surgery, the mice in the ASX groups were treated with 50 or 100 mg/kg ASX (cat. no. A141428; Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) once daily by oral gavage for 7 or 14 days. The mice in the other groups were treated with the same volume of normal saline. Blood samples were collected from the mouse eye socket 7 or 14 days after the operation, and the mice were then sacrificed by cervical dislocation. Kidney tissues were frozen in liquid nitrogen and stored at -80˚C or fixed in 4% paraformaldehyde at room temperature until use. The animals were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (26) guidelines. All animal protocols used in the present study were approved by the Institutional Animal Care and Use Committee of Xi'an No. 4 Hospital (Xi'an, China).
Biochemical determinations. The levels of blood urea nitrogen (BUN; cat. no. C013-2) and serum creatinine (Cr) were detected with commercial kits (BUN; cat. no. C011-2; Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturer's instructions.
Histological examination. Kidney tissues fixed in 4% paraformaldehyde were washed with water, dehydrated by a graded ethanol series (70, 80, 90 and 100%) and embedded in paraffin. Then, the paraffin-embedded specimens were cut into 5 µm-thick sections. To observe the pathological changes in renal tissues, the sections were subjected to periodic acid-Schiff (PAS) staining for 15 min at room temperature and scored on a scale from 0 to 4 (0, no changes; 1, changes affecting <25% of the section; 2, changes affecting 25-50% of the section; 3, changes affecting 50-75% of the section; and 4, changes affecting 75-100% of the section) (27) . Collagen deposition in renal tissues was evaluated by Masson's trichrome staining and graded as follows: 0, no staining; 1, <25% staining of the section; 2, 25-50% staining of the section; 3, 50-75% staining of the section; and 4, 75-100% staining of the section (27) . The tissue sections were visualized and photographed under a light microscope (Olympus Corporation, Tokyo, Japan) at x200 magnification.
Immunohistochemical staining. The following primers were used: Collagen I (forward, 5'-GGA CGC CAT CAA GGT CTA CT-3' and reverse, 5'-GAA TCC ATC GGT CAT GCT CT-3'); TSP-1 (forward, 5'-GAC CAG AGG GAC ACG GAC AT-3' and reverse, 5'-TGG CAT TAG GCA CAT AGG GA-3'); VEGF-A (forward, 5'-CGTGAGCCCTCCCCCTTG-3' and reverse, 5'-GCC CAG AAG TTG GAC GAA AA-3'); and β-actin (forward, 5'-CTG TGC CCA TCT ACG AGG GCT AT-3' and reverse, 5'-TTT GAT GTC ACG CAC GAT TTC C-3'). The thermocycling conditions were as follows: Denaturation for 5 min at 95˚C, followed by 40 cycles of 10 sec at 94˚C, 20 sec at 60˚C and 30 sec at 72˚C. The relative mRNA levels were calculated using the 2 -ΔΔCq method (29) .
Statistical analysis. All experimental data are presented as the means ± standard deviation of three experimental repeats. Comparisons among different experimental groups were performed using one-way analysis of variance followed by Bonferroni multiple comparisons test using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

ASX alleviates UUO-induced renal injury in mice.
Histopathological changes in the kidneys were determined by PAS staining. As shown in Fig. 1A , UUO induced significant interstitial damage in mouse kidneys on day 7 and 14, which could be relieved by treatment with ASX. Furthermore, the concentration of BUN and serum Cr were significantly increased in the UUO group on day 7 and 14 ( Fig. 1B and C) , which was consistent with previous studies and indicated a deterioration of renal function (30, 31) . However, ASX treatment markedly reduced the UUO-induced BUN and serum Cr levels ( Fig. 1B and C) . These results indicated that treatment with ASX alleviated UUO-induced renal injury and improved renal function.
ASX suppresses collagen formation and renal fibrosis in mice.
To observe collagen deposition and renal fibrosis, Masson's trichrome staining was performed. As presented in Fig. 1D , UUO treatment resulted in significantly increased interstitial collagen deposition on day 7 and 14 and obvious renal fibrosis, which could be suppressed by ASX administration. In addition, the expression of collagen I in renal tissues was evaluated by immunohistochemical staining. As shown in Fig. 2A , a significant increase in collagen I staining in renal tissues was observed in the UUO group on day 14, whereas ASX treatment effectively inhibited UUO-induced collagen I expression. RT-qPCR and western blot analysis further demonstrated that ASX prevented the UUO-mediated increase in mRNA and protein levels of collagen I in renal tissues on day 14, in a dose-dependent manner ( Fig. 2B and C) . In addition, the protein levels of fibronectin and α-SMA were increased in the renal tissues of UUO-treated mice, and were suppressed by ASX administration (Fig. 2D and E) . These findings suggested that ASX mitigated UUO-induced renal interstitial fibrosis in mice.
ASX enhances the density of peritubular capillaries and VEGF-A expression. Peritubular capillaries were observed by immunohistochemical staining of CD34, a typical marker of endothelial cells. As presented in Fig. 3A , peritubular capillaries could be easily recognized in the sham and ASX control groups due to CD34 immunostaining. However, UUO treatment led to a decrease in CD34-positive capillaries in renal tissues on day 14, which was mitigated when ASX was administered. The expression of VEGF-A, an important mediator of angiogenesis, was next studied. As shown in Fig. 3B , the positive immunohistochemical staining of VEGF-A was markedly reduced by UUO on day 14. Renal tissues exhibited significantly stronger staining of VEGF-A in the ASX treatment groups compared with the UUO group. In addition, the mRNA and protein levels of VEGF-A in renal tissues were decreased by ~70% in the UUO group, and this was reversed by ASX in a dose-dependent manner (Fig. 3C and D) . These results suggested that ASX prevented the UUO-induced decrease in density of peritubular capillaries by upregulating VEGF-A.
ASX inhibits TSP-1 expression in renal fibrotic tissues.
The expression of the anti-angiogenic factor TSP-1 was detected by immunohistochemical staining, as shown in Fig. 4A . Positive staining for TSP-1 was most pronounced in the UUO group on day 14, which was significantly reduced by ASX administration. Consistently, the mRNA and protein expression levels of TSP-1 in renal tissues were increased by ~3-fold in the UUO group on day 14, while they were markedly repressed by treatment with ASX ( Fig. 4B and C) . Thus, regulation of TSP-1 expression may be a potential mechanism underlying the beneficial effects of ASX and targeting this protein could be useful for treating renal fibrosis.
ASX prevents UUO-induced activation of the TGF-β1/Smad
signaling pathway. The TGF-β1/Smad signaling pathway serves pivotal roles in renal fibrosis (32) . Thus, the present study investigated the effect of ASX on activation of TGF-β1 and Smad2/3/4/7. As illustrated in Fig. 5A-D , the protein expression levels of TGF-β1, p-Smad2, p-Smad3 as well as Smad4, were significantly increased by UUO on day 14, while they could be significantly suppressed by ASX treatment. The protein expression level of Smad7, which is inhibitory, was decreased by UUO, which was enhanced by ASX administration (Fig. 5E) . Thus, inactivation of the TGF-β1/Smad signaling pathway appeared to be involved in the protective mechanism of ASX.
ASX suppresses TGF-β1-induced expression of profibrogenic factors via inactivation of the Smad signaling pathway.
The present study next investigated the in vitro effects of ASX on the expression of pro-fibrotic factors in NRK-52E cells. As shown in Fig. 6A and B, the protein expression levels of collagen I and α-SMA were significantly increased upon stimulation with TGF-β1 in NRK-52E cells. However, this increase in α-SMA and collagen I levels was suppressed by ASX. Furthermore, the present study examined whether ASX treatment affected the Smad signaling pathway in vitro. As illustrated in Fig. 6C and D, treatment with ASX attenuated the phosphorylation of Smad2 and Smad3 in TGF-β1-stimulated NRK-52E cells. However, TGF-β1 and ASX treatment had no effect on the expression of Smad4 or Smad7 proteins in NRK-52E cells (Fig. 6E and F) .
Discussion
The present study investigated the role of ASX in UUO-induced renal fibrosis in mice. The results revealed that ASX treatment effectively ameliorated UUO-induced renal injury and dysfunction, inhibited renal fibrosis and collagen deposition, and enhanced the density of peritubular capillaries by up regulating VEGF-A and downregulating TSP-1 expression levels. Inactivation of the TGF-β1/Smad signaling pathway appeared to be involved in the protective effect of ASX.
Renal injury was determined on day 7 and day 14 following UUO in the present study. Previous studies which evaluated renal injury on different days post-UUO, indicated that kidney fibrosis tends to get worse with time (33, 34) . Consistently, the present results revealed that UUO-induced renal damage was exacerbated with the prolonging of time, as evidenced by PAS staining and increased BUN and serum Cr levels. However, there was very little difference in the collagen deposition assessed by Masson's trichrome staining between day 7 and day 14. ASX treatment for both 7 and 14 days could alleviate UUO-induced renal damage, but longer treatment seemed to be more effective.
Renal fibrosis is a pathological process that contributes to chronic renal failure (2, 35) . Accumulation of excessive extracellular matrix is an important feature of renal interstitial fibrosis (36) . Mammals have a high collagen content, with over 27 types of collagen that make up ~30% of the overall protein (37) . Collagen type I (also known as collagen I) is regarded as a matrix component and one of the fibril-forming collagens (38) . Previous studies revealed that inhibition of collagen I expression could attenuate fibrosis formation in various organs, including the liver and kidney (39, 40) . Fibronectin and collagen I are extracellular matrix components, and serve crucial roles in fibrosis of the kidney and eventual nephropathy (41, 42) . α-SMA is a marker of activated myofibroblasts, which is upregulated by UUO (43) . According to the present results, ASX significantly alleviated UUO-induced renal fibrosis and collagen deposition, as confirmed by downregulation of the protein expression levels of collagen I, fibronectin and α-SMA.
It has been well documented that peritubular capillaries transport oxygen and nutrients to renal tubular and interstitial cells, serving a pivotal role in sustaining normal hemodynamics and kidney function (44) . Therefore, chronic tubular hypoxia may occur due to decreased density of peritubular capillaries, which further promotes extracellular matrix synthesis and contributes to the progression of tubulointerstitial fibrosis (44) . The loss of peritubular capillaries has been verified in patients with interstitial fibrosis and animal models (5) . In the present study, reduced density of peritubular capillaries was observed in UUO-treated mice, which was significantly increased by ASX treatment. Furthermore, the potential mechanisms of ASX in regulating the density of peritubular capillaries were explored. Since angiogenesis serves a key role in this process, the present study investigated whether the expression of angiogenic or anti-angiogenic factors was altered. VEGF is an important angiogenic factor. A previous study reported that VEGF was markedly downregulated in the tubules of rats with interstitial fibrosis (45) . The loss of VEGF has also been verified in human patients with renal interstitial fibrosis (46) . Thus, reduced VEGF expression appears to be involved in the pathological mechanism of renal interstitial fibrosis. The present study also observed that UUO treatment led to decreased VEGF-A expression, which was reversed by ASX treatment.
Next, the present study focused on TSP-1, which is an anti-angiogenic factor and an endogenous activator of TGF-β1 (47, 48) . It has been previously demonstrated that TSP-1 is associated with the loss of microvascular endothelium (49) . In addition, TSP-1 can exert anti-angiogenic effects by preventing VEGF-induced proliferation of endothelial cells and inducing endothelial cell apoptosis (50,51). Sun et al (52) suggested that suppression of TSP-1 expression enhances the density of peritubular capillaries and ameliorates tubulointerstitial fibrosis. Apart from its role in reducing peritubular capillary density, TSP-1-mediated activation of TGF-β1 serves crucial roles in promoting fibrosis in multiple organs (53) (54) (55) . Thus, TSP-1 may be used as a therapeutic target for renal fibrosis. In the present study, as expected, administration of ASX inhibited the UUO-induced increase in TSP-1 expression. Therefore, it is likely that ASX attenuated the UUO-induced loss of peritubular capillaries by upregulating VEGF-A and downregulating TSP-1.
To investigate the underlying mechanisms of ASX in renal fibrosis, the TGF-β/Smad signaling pathway was explored. The activation of the TGF-β1 signaling pathway has been demonstrated to serve key roles in the progression of renal fibrosis (32, 56) . TGF-β1 facilitates the protein synthesis of collagen I and promotes extracellular matrix accumulation via the Smad signaling pathway (57, 58) . The most important Smad proteins for TGF-β1 signal transduction are Smad2, Smad3 and Smad4 as well as the inhibitor, Smad7. The activation of Smad2 and Smad3 is induced by TGF-β1. Subsequently, the Smad complex is formed by the binding of p-Smad2, p-Smad3 and Smad4, which in turn migrates to the nucleus and regulates the transcription of target genes (59) . Smad7, an inhibitory Smad protein, suppresses the activation and phosphorylation of Smad2/3. A previous study demonstrated the role of Smad2 in the pro-fibrotic TGF-β1 signaling pathway (60) . Smad2/3 was confirmed to be activated in the context of renal interstitial fibrosis in various chronic kidney diseases (61) . In addition, silencing of Smad3 suppressed the progression of renal fibrosis in mice (62, 63) . In the present study, ASX effectively suppressed the UUO-induced upregulation of TGF-β1 and p-Smad2/3 protein expression levels in renal tissues. Furthermore, TGF-β1-induced activation and phosphorylation of Smad2/3 was also repressed by ASX in NRK-52E cells. These results indicated that the TGF-β1/Smad signaling pathway may be involved in the protective mechanism of ASX against renal fibrosis.
In conclusion, the present study demonstrated that ASX ameliorated UUO-induced renal interstitial fibrosis in mice by increasing the number of peritubular capillaries via regulation of VEGF-A and TSP-1 expression. In addition, ASX exerted its anti-fibrotic effect by inhibiting activation of the TGF-β1/Smad signaling pathway. Although the detailed mechanisms must be further investigated, the results suggested that ASX could be a potential drug for alleviating renal fibrosis.
